SUMMARY
Neural oscillations, such as alpha (8) (9) (10) (11) (12) (13) , beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and gamma (30-100 Hz), are widespread across cortical areas, and their possible functional roles include feature binding [1] , neuronal communication [2, 3] , and memory [1, 4] . The most prominent signal among these neural oscillations is the alpha oscillation. Although accumulating evidence suggests that alpha oscillations correlate with various aspects of visual processing [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , the number of studies proving their causal contribution in visual perception is limited [11, [16] [17] [18] ]. Here we report that illusory visual vibrations are consciously experienced at the frequency of intrinsic alpha oscillations. We employed an illusory jitter perception termed the motion-induced spatial conflict [19] that originates from the cyclic interaction between motion and shape processing. Comparison between the perceived frequency of illusory jitter and the peak alpha frequency (PAF) measured using magnetoencephalography (MEG) revealed that the inter-and intra-participant variations of the PAF are mirrored by an illusory jitter perception. More crucially, psychophysical and MEG measurements during amplitude-modulated current stimulation [20] showed that the PAF can be artificially manipulated, which results in a corresponding change in the perceived jitter frequency. These results suggest the causal contribution of neural oscillations at the alpha frequency in creating temporal characteristics of visual perception. Our results suggest that cortical areas, dorsal and ventral visual areas in this case, are interacting at the frequency of alpha oscillations [2, 3, [21] [22] [23] [24] [25] [26] [27] .
RESULTS AND DISCUSSION
In motion-induced spatial conflict, moving borders defined by color contrast are perceived as jittering when they are placed in close proximity to moving borders defined by luminance contrast [19] . In experiment 1, we tested whether the perceived frequency of this illusory jitter is correlated with peak alpha frequency (PAF) by utilizing an inter-participant variation of PAF, which is from 8 to 13 Hz. PAF during the resting state was measured by magnetoencephalography (MEG) and compared with the frequency of illusory jitter psychophysically measured in a separate session (Figures 1A and 1B; see STAR Methods for details). Figure 1C shows a typical power spectrum of MEG in the resting condition (eyes closed) measured from 10 planar gradiometers showing the maximum amplitude (see Figure S1A for the averaged positions of the channels; see Figure S1B for the spectra of all participants). Figure 1D shows the percentage of trials where a physical jitter was perceived to be faster than an illusory jitter, and is presented as a function of the physical jitter frequency for the same participant. These figures indicate that PAF in the eyes-closed resting condition (8.8 Hz) matched well with the perceived jitter frequency (8.6 Hz). We then quantitatively compared the frequency of individual alpha oscillations in the resting condition with the frequency of illusory jitter (n = 12; Figure 1E ). We found a strong correlation between the perceived jitter frequency and PAF in the eyes-closed resting condition (r = 0.84, p < 0.001). The correlation between the resting state PAF in the eyes-open condition and the perceived jitter frequency was also found to be significant (r = 0.87, p < 0.001). PAF values in the eyes-closed condition were slightly lower than those in the eyes-open condition (9.5 ± 0.2 versus 10.0 ± 0.3 Hz, respectively; t(11) = 2.34, p = 0.039, two-tailed paired t test; see Figure S1B for the spectra of all participants), which may partly reflect the decrease in PAF observed with drowsiness or decreased alertness [28, 29] . The PAF during illusory jitter perception, measured in the experiment for source localization (see below), was also found to be significantly correlated with perceived jitter frequency (r = 0.80, p = 0.005). Unlike PAF, the peak power of the alpha oscillation was not correlated with the perceived jitter frequency (eyes closed: r = À0.16, p = 0.62, Figure 1F ; eyes open: r = À0.37, p = 0.24). Neither the peak beta frequency nor the peak beta power were correlated with perceived jitter frequency (beta frequency: r = 0.17, p = 0.60, Figure 1G ; beta power: r = À0.21, p = 0.52, Figure 1H ). These results suggest that the perceived jitter frequency is associated with the intrinsic PAF rather than with the alpha power, beta frequency, or beta power.
To further establish the relationship between PAF and perceived jitter frequency, we then investigated whether the perceived jitter frequency changes depending on intra-participant PAF variation. Specifically, we tested whether illusory jitter is perceived to be slower when PAF is relatively low and vice versa. In this experiment, illusory jitter stimuli were presented in both the lower and upper visual fields, and participants judged whether the perceived jitter frequency in each trial was slower or faster than the average, which was remembered from a preparatory experiment (Figure 2A ). Trials were separated into faster and slower jitter trials based on behavioral responses, and PAF for each group of trials was defined from 10 planar gradiometers of maximum alpha power ( Figure S1C ; see STAR Methods for details). Figure 2B shows a typical power spectrum for the 1-s period just before stimulus onset. The results showed that PAF of slower jitter trials was 1.2 Hz slower than that for faster jitter trials (PAF for slower jitter trials = 9.2 Hz; PAF for faster jitter trials = 10.4 Hz). Figure 2C shows the difference in PAF between the faster and slower jitter trials, which was averaged across participants (n = 10; see Figure S1D for the spectra of all participants). As a result of applying the Bonferroni correction for multiple comparisons across four 1-s periods surrounding the stimulus onset, we found a significant difference in PAF for the 1-s period just before stimulus onset (t(9) = 3.68, p = 0.020, Bonferroni-corrected twotailed paired t test). The PAF for the 1-s period during the stimulus presentation (0-1 s) was marginally significant (t(9) = 2.79, p = 0.084, Bonferroni-corrected two-tailed paired t test). A change in PAF just before stimulus onset correlated with the perceived jitter frequency suggests that the perceived jitter frequency changed with the spontaneous fluctuation of PAF before the stimulus presentation. While several studies [8, 9, 11, 15, 17, [30] [31] [32] have reported across-trial changes in visual perception that correlated with the alpha phase at the stimulus onset, this is the first time that an association between the spontaneous fluctuation of alpha frequency and perception has been reported. Experiments 1 and 2 suggest that the frequency of illusory jitter perception is correlated not only with inter-participant but also with intra-participant variation in PAF. Nonetheless, it remains possible that a direct causal link between neural oscillation at the alpha frequency and jitter perception does not exist. To obtain more direct evidence for the involvement of neural oscillations in the illusory jitter perception, we performed experiment 3 to determine whether manipulation of PAF by current stimulation results in a change in the perceived jitter frequency. For this purpose, it is crucial to measure PAF during current stimulation [18] . However, this has been technically difficult because of the jitter. An illusory jitter stimulus was presented in the upper visual field, whereas a physical jitter stimulus was presented in the lower visual field. The green bar in the upper visual field was isoluminant with the surrounding red square, which created an illusory jitter perception of the green bar. Luminance of the bar in the lower visual field was equal to that of background so that the stimulus did not generate an illusory jitter. The physical jitter frequency in the lower visual field was randomly chosen from seven frequencies (5.5, 6.7, 7.5, 8.6, 10.0, 12.0, and 15.0 Hz). Illusory and physical jitter stimuli were presented for 2 s. Participants judged whether the physical jitter was faster than the illusory jitter by pressing a key during the response period (2 s), during which the white fixation point turned to red. Twenty trials were repeated for each frequency of physical jitter. (C) The power spectrum of MEG in the eyesclosed resting condition for a single participant. The frequency with the maximum power in the alpha band (8-13 Hz) was defined as PAF, which was 8.8 Hz for this participant. (D) Psychometric function for the same participant as in (C). The horizontal axis shows the frequency of physical jitter, whereas the vertical axis shows the percentage of the trials where the physical jitter was perceived to be faster than the illusory jitter. The perceived jitter frequency was defined as the frequency with a 50% response rate. The perceived jitter frequency for this participant was 8.6 Hz, which is close to PAF (C). (E) Correlation between PAF in the eyes-closed resting condition and the perceived jitter frequency for all participants (n = 12). The PAF and the perceived jitter frequency were highly correlated. (F-H) Correlation between the perceived jitter frequency and the peak alpha power (F), peak beta frequency (G), and peak beta power (H). None of the correlations were significant. See also Figure S1 . large artifact originating from the current stimulation, which masks neural activity at the same frequency. In a previous study [13] demonstrating the modulation of perception by transcranial alternating current stimulation (tACS) at around the alpha frequency, alpha oscillations during tACS were not reported; thus, it is not clear whether the alpha frequency was indeed manipulated as expected. Here, to monitor alpha oscillation during PAF manipulation, we developed a method by combining the amplitude modulation of transcranial current stimulation (AMtACS) [20] , which reduces an artifact near the AM frequency, with the temporally extended signal space separation (tSSS) method, which is a noise reduction technique [33] . With this technique, we succeeded in measuring PAF changes during current stimulation, allowing us to demonstrate a causal contribution for neural oscillations at the alpha frequency in illusory jitter.
MEG responses were recorded to monitor the change in PAF by AM-tACS in the parieto-occipital area ( Figure 3A) . At the same time, perceived jitter frequency was measured during current stimulation. Similar to the psychophysical measurements during experiment 1, participants judged whether a physical jitter in the lower visual field was faster than an illusory jitter in the upper visual field. There were three conditions of AM-tACS: AM frequency of PAF + 1 Hz or PAF À 1 Hz, and no stimulation (Figures 3B and 3C; see STAR Methods for details).
After we confirmed that the MEG signals during current stimulation were free from its artifact ( Figures S2A and S2B) , we analyzed the change in PAF by current stimulation. Figure 3D shows an example of the power spectrum for each current stimulation condition after applying tSSS (see Figure S1E for the averaged positions of the channels; see Figure S1F for the spectra of all participants). The PAF during the application of AM-tACS at PAF + 1 Hz and PAF À 1 Hz was found to be higher (10.1 Hz) and lower (8.1 Hz) than PAF in the no-stimulation condition (9.3 Hz), respectively. Further, the perceived jitter frequency for the same participant during the application of PAF + 1 Hz or PAF À 1 Hz was faster (10.6 Hz) or slower (9.1 Hz) than the nostimulation condition (9.9 Hz), respectively ( Figure 3E ). Figure 3F shows a relationship between the change in PAF and perceived jitter frequency, which was relative to the no-stimulation condition for both PAF + 1 Hz and PAF À 1 Hz conditions, for all participants (n = 12). Figure 3G shows a relationship between differences in PAF and perceived jitter frequency between PAF + 1 Hz and PAF À 1 Hz stimulation conditions for all participants (n = 12). Both of these plots showed a strong correlation (r = 0.72, p < 0.001; r = 0.90, p < 0.001, respectively), suggesting that manipulation of PAF by AM-tACS resulted in the corresponding change in perceived jitter frequency. It should be noted that PAF was manipulated for only approximately half of the 12 participants and was unchanged for the other half ( Figure S1F ). The different effects of AM-tACS across participants may be related in part to the impedance of electrodes or skull thickness.
Consistent with our hypothesis that alpha oscillation is associated with illusory jitter perception, changes in perceived jitter frequency were only found for the participants whose PAF was manipulated. These findings support the idea that modulation of PAF induced by AM-tACS resulted in the perceived jitter frequency. Our pilot experiment suggested that PAF modulation by current stimulation was not sustained after stimulation offset, Before and after the stimulus period of 2 s, a blank period for 2 s was included. In the response period of 2 s, during which the white fixation point turned to red, participants judged whether the perceived jitter frequency was faster or slower than the mean jitter frequency by pressing one of two buttons. Prior to the main experiment, participants went through the same task for the purpose of memorizing the mean jitter frequency. In the main experiment, each participant took part in 300 trials, which were analyzed separately based on the behavioral response (faster or slower jitter perception). (B) Power spectrum at the 1-s period just before stimulus presentation (À1-0 s) in faster and slower jitter trials (100 trials each) for a typical participant. The PAF of slower jitter trials was slower than that of faster jitter trials (9.2 Hz and 10.4 Hz, respectively). (C) Difference in PAF between the faster and slower jitter trials averaged across all participants (n = 10) for four periods of 1 s (5,000 time points) before and after the stimulus onset. PAF was estimated from a power spectrum for each period, which was zero-padded to 10 s. As a result of applying the Bonferroni correction for multiple comparisons across four periods for 1 s, there was a significant difference in PAF only at the 1-s period, just before stimulus presentation (t(9) = 3.68, p = 0.020, Bonferroni-corrected two-tailed paired t test). The PAF during the stimulus presentation (0-1 s) was also marginally significant (t(9) = 2.79, p = 0.084, Bonferroni-corrected two-tailed paired t test). Error bars represent standard error of mean (SEM). See also Figures S1 and S4.
which is consistent with the fact that alpha entrainment by tACS or transcranial magnetic stimulation (TMS) remains stable only for maximally a few oscillatory cycles after stimulation offset [34] . Therefore, measurement of neural oscillation during the stimulation was crucial [18] . Here, we succeeded in the simultaneous measurement by combining AM-tACS and a noise reduction technique (tSSS). To the best of our knowledge, this is the first time that the manipulation of PAF has been demonstrated. The current study also ascertains the validity of AM-tACS for inducing oscillations by its envelope, a technique that has rarely been tested [20] .
It is widely known that tACS at around the alpha frequency induces phosphene due to direct stimulation of the retina [35] [36] [37] . People may wonder whether phosphene, or cutaneous perception originating from AM-tACS, may have an effect on the measurement of perceived jitter frequency during current stimulation. However, we do not think this suggestion is plausible for the reasons that no participant reported that they perceived phosphene in the third experiment and an additional experiment suggested that participants could not discriminate current stimulation conditions ( Figure 4A ).
To further rule out the possible effect of subthreshold retinal stimulation on perceived jitter frequency, we repeated experiment 3 (n = 8) with the central electrode (C3-C4), which was anticipated to have similar or even larger retinal effects (if any), without changing the PAF. The results showed that the change in PAF and perceived jitter frequency was not significant for the central stimulation (F(2, 14) = 0.64, p = 0.54, F(2, 14) = 0.23, p = 0.80, respectively, two-way repeated-measures ANOVA, the simple main effect of current frequency) ( Figure 4B ), while the change (the same data as shown in Figure 3 ) was significant for parietooccipital stimulation (F(2, 22) = 6.15, p = 0.008, F(2, 22) = 6.37, p = 0.007, respectively, two-way repeated-measures ANOVA, the simple main effect of current frequency). These results suggest that the change in perceived jitter frequency correlated with the change in PAF by parieto-occipital stimulation was not due to a retinal artifact.
Some may wonder whether illusory jitter perception induces a small eye movement at the same frequency that is reflected as The maximum peak-to-peak amplitude was 2 mA. (C) Stimulus time course in experiment 3. MEG responses and illusory jitter frequency were measured in three current stimulation conditions (AM-tACS at PAF ± 1 Hz or no stimulation). The current stimulation was fixed within a session of 64 s starting with a ramp-up period for 4 s and ending with a rampdown period for 4 s. For the purpose of determining the AM frequency of the current stimulation, the resting state PAF in the eyes-open condition was measured in advance. Participants judged whether a physical jitter in the lower visual field was faster than an illusory jitter in the upper visual field, as in experiment 1. The physical jitter frequency was randomly selected from seven levels (5.5-15 Hz), which were repeated twice in each session. A session in each stimulation condition was repeated 10 times, and 20 trials at each physical jitter frequency were measured in each current stimulation condition (AM-tACS at PAF ± 1 Hz or no stimulation). After each session, participants took a rest interval (20 s). an increase in neural activity at that same frequency. In fact, illusory motion in the Enigma illusion is known to be driven by microsaccades [38]. We do not believe this possibility is probable because the alpha frequency in the resting state (experiment 1) and that before the stimulus presentation (experiment 2), which cannot be affected by illusory jitter, showed a clear relationship with the perceived frequency of illusory jitter. However, we cannot fully eliminate the possibility that the differences in eye movements affected both the PAF and perceived jitter frequency, resulting in a correlation between them. To test this possibility, we repeated the third experiment (n = 6) while measuring eye movements. While we replicated the change in the PAF and jitter frequency by current stimulation (F(2, 10) = 7.15, p = 0.012; F(2, 10) = 15.93, p < 0.001, respectively, one-way repeated-measures ANOVA), no variability among fixation precision, drift amplitude, blink rates, or microsaccade rates was observed across current stimulation conditions (F(2, 10) = 0.19, p = 0.83; F(2, 10) = 0.29, p = 0.76; F(2, 10) = 0.82, p = 0.47; F(2, 10) = 1.14, p = 0.36, respectively, one-way repeated-measures ANOVA). This experiment excludes the possibility that the correlation between the PAF and jitter frequency is mediated by the difference in eye movements or blinks ( Figure S3 ).
The results of the three experiments consistently suggest that alpha oscillation is tightly coupled with illusory jitter perception. That is, experiments 1 and 2 showed that perceived jitter frequency is correlated not only with the individual PAF measured during rest but also with PAF just before stimulus presentation, which fluctuates within individuals. The third experiment showed that manipulation of PAF by current stimulation indeed resulted in the according change in perceived jitter frequency. Our finding that the intrinsic alpha oscillations are consciously experienced as an illusory jitter at the same frequency suggests the causal contribution of neural oscillations at the alpha frequency in creating temporal characteristics of our visual percept. Because the task in experiment 2 was based on memorized mean illusory jitter frequency, we cannot fully exclude the possibility that fluctuation of the pre-stimulus PAF was related to a nonperceptual process such as memory of the mean jitter frequency. However, given that the results of experiments 1, 2, and 3 consistently suggest a tight coupling between PAF and perceived jitter frequency, we believe it is reasonable to assume that the subjective response in experiment 2 (relatively fast or slow jitter) primarily reflects a perception instead of a non-perceptual process.
We performed an additional analysis to evaluate how the amplitude and phase of alpha oscillations are related to the illusory jitter perception because several studies have reported the effect of alpha phase on visual perception [8, 9, 11, 15 , 17, 
. Control Experiments to Study the Possible Involvement of Retinal Stimulation by AM-tACS
It is widely known that tACS at around the alpha frequency induces phosphene because of direct stimulation of the retina [35-37]. However, phosphene perception induced by AM current stimulation has not been studied. Although no participant reported phosphene perception in experiment 3, here we further tested the possible involvement of retinal stimulation. (A) Response rate of three alternative forced choice tasks during current stimulation. We asked participants (n = 3) to report which current stimulation was given in each current stimulation condition. Results of a multinomial logistic regression analysis (generalized linear mixed model) showed that the response type was not explained by the current stimulation condition (F(1, 185) = 0.20, p = 0.66, multinomial logistic regression analysis). These results support the idea that participants cannot discriminate between the three stimulation conditions, either from phosphene or from cutaneous perception. The reason for this may be because the magnitude of amplitude modulation was gradually increased and decreased for 4 s, and there was no transient increase or decrease in current stimulation. (B) Although participants could not discriminate between current stimulation conditions (A), it is still possible that subthreshold retinal stimulation affected the illusory jitter perception. Therefore, we repeated experiment 3 for 8 participants with a more central location of electrodes (C3-C4), which was anticipated to have a similar or even larger retinal artifact (if any) but fewer effects on alpha oscillations [37] . The panel shows the change in PAF and perceived jitter frequency by current stimulation at the parieto-occipital and central areas. Two-way repeated-measures ANOVA on the PAF revealed that the main effect of current frequency and interaction was significant (F(2, 36) = 3.96, p = 0.028, F(2, 36) = 3.99, p = 0.027, respectively), although the main effect of the electrode position was not significant (F(1, 18) = 1.45, p = 0.25). The simple main effect of current frequency was significant for the parietooccipital stimulation (F(2, 22) = 6.15, p = 0.008) but was not significant for the central stimulation (F(2, 14) = 0.64, p = 0.54). Multiple comparisons for the parieto-occipital stimulation suggested that the PAF was significantly different between PAF À 1 Hz and no-stimulation condition and between PAF + 1 Hz and PAF À 1 Hz conditions (t(11) = 8.52, p = 0.027, t(11) = 12.00, p = 0.009, Bonferroni-corrected two-tailed paired t test). Two-way repeated-measures ANOVA on the illusory jitter frequency showed that the main effect of current frequency and interaction was significant (F(2, 36) 
How do the alpha oscillations contribute to the generation of illusory jitter perception? To answer this question, we performed source localization analysis and found that the interaction between the inferior parietal lobe (IPL) and the inferior temporal area (IT) at the alpha frequency significantly increased during illusory jitter perception ( Figure S4 ). Here we utilized the same stimulus as in experiment 2 (Figure 2A) , except that the luminance of the green bar was isoluminant with (main condition where participants perceive illusory jitter), darker than, or brighter than (control conditions where participants do not perceive illusory jitter) the surrounding red square. The analysis showed that the alpha power in the left IPL was significantly enhanced in the main condition compared with the control conditions. We also found significantly stronger alpha coherence between the IPL and the IT in the main condition than in the control conditions. Those areas can be regarded as the higher areas in the dorsal and ventral visual pathways, respectively, and the results support our idea that alpha oscillation decides the timing of the interaction between dorsal and ventral visual areas. Our view is in line with previous studies suggesting that alpha oscillations mediate long-range communications [21-23] or feedback processing from higher to lower visual areas [24] [25] [26] [27] . Given that motion-induced spatial conflict is suggested to reflect the temporal dynamics of recurrent neural processes that mediate the integration of motion-based spatial prediction and subsequent processing [19, 40] , an increase in the alpha coherence between the dorsal and ventral visual areas may reflect this integration process. Currently, we are not completely sure how the left IPL localization can be reconciled with the modulation of jitter perception by AM-tACS on parietooccipital areas. Although we can speculate that AM-tACS on the parieto-occipital areas manipulates the alpha rhythm that is shared across the occipital and parietal areas, including the IPL, the exact mechanism of how AM-tACS affects the alpha oscillations should be an important topic for future studies.
A previous study utilizing a flickering wheel illusion [41] , in which the center of a static wheel stimulus at the periphery is perceived to be flickering, implied a link between the flicker perception and alpha oscillation. Specifically, the peak oscillatory frequency modulated by the flicker perception was significantly correlated with the individual alpha frequency measured during rest. Although they haven't shown the correlation between the perceptual frequency and alpha frequency during the rest, partly because of a relatively large variation in the flickering perception (2-20 Hz), the phenomenon may be related to the current finding in the sense that the intrinsic alpha frequency is tightly related to the visual percept. Experiment 1 in the present study is novel in the sense that the alpha frequency during rest was correlated with perceived frequency itself rather than neural frequencies modulated by perception [41] . Sound-induced double flash illusion is a phenomenon where an illusory double flash is perceived when one flash is presented simultaneously with two sounds [42] . A threshold of the interval of sound stimuli for perceiving illusory flash is around 100 ms and was negatively correlated with the individual PAF during the task [13] . In addition, a threshold of the interstimulus interval at which two successively presented flashes can be discriminated from a single flash was negatively correlated with the frequency of eyes-closed alpha oscillations [12] . These findings are compatible with experiment 1 in the present study showing that the alpha frequency during rest and during illusory jitter perception was correlated with perceived frequency.
To summarize, we provide a series of findings suggesting that alpha oscillation is associated with illusory jitter perception. In other words, we demonstrated that the neural oscillations at the alpha frequency are visually experienced as an illusory jitter in the motion-induced spatial conflict. Our results suggest that the neural oscillation works as a clock signal for the interaction between motion and shape processing.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
A total of 26 participants were recruited in the study. Twelve (3 females; 22-53 years), 10 (all males; 22-53 years), and 12 participants (all males; 22-53 years) took part in the experiments 1, 2, and 3, respectively. Three (all males; 22-38 years) and 8 (all males; 20-53 years) participants took part in the two control experiments to study the possible involvement of retinal stimulation. Six participants (all males; 22-38 years) took part in the control experiment for eye movements. Ten participants (2 females; 22-53 years) took part in the experiment for source localization. Three participants (all males; 22-38 years) took part in all experiments. All participants had normal or corrected-to-normal vision and gave their written informed consent to participate. All experimental procedures were approved by the ethics committee of the National Institute of Information and Communications Technology (NICT).
METHOD DETAILS
The present study consisted of three experiments measuring the relationship between the peak alpha frequency (PAF) and the perceived frequency of an illusory jitter called the motion-induced spatial conflict [19] . In each experiment, we studied the effects of (1) inter-participant variation in resting state PAF; (2) intra-participant variation in PAF before, during, and after stimulus presentation; and (3) manipulation of PAF by current stimulation. Each experiment was conducted on different days.
MEG measurement
In a magnetically shielded room, MEG data were measured using a 360-channel whole head MEG system (NeuromagÒ 360, Elekta) consisting of 204 planar gradiometers, 102 magnetometers, and 54 axial gradiometers. Magnetic signals were recorded at a sampling frequency of 1,000 Hz (experiment 1, and source localization experiment) or 5,000 Hz (experiments 2, 3, and control experiments). Planar gradiometers (204 channels), which have relatively high signal-to-noise ratios, were used for the analysis. The planar gradiometers were composed of two coils that measure spatial derivatives of magnetic fields along the surface. Pairs of planar gradiometers, located at 102 positions, measure the derivatives in orthogonal directions (x and y). We first performed a fast Fourier transform (FFT) analysis for each planar gradiometer. We then summed the power of the two gradient components at the same location, termed combined channels, before plotting a topographic map or selecting channels showing the maximum amplitude. In the experiments 1 and 2, artifacts originating from blinks or heart beats were removed by independent component analysis (ICA); bandpass filtering between 1 and 40 Hz was then applied before FFT analysis. In experiment 3, temporal signal space separation (tSSS) [33] with bandpass filtering between 1 and 40 Hz was applied, and artifacts originating from blinks or heart beats were then removed by ICA before FFT analysis.
Apparatus and visual stimuli
Visual stimuli were presented using an LCD projector (PT-DZ680, Panasonic) on a translucent screen in a magnetically shielded room. The projector spanned 34.8 3 26.1 deg of the visual angle (800 3 600 resolution) and had a 60 Hz refresh rate.
In the experiments 1 and 3, where the perceived frequency of an illusory jitter was measured, an illusory jitter stimulus was presented in the upper visual field, whereas a physical jitter stimulus was presented in the lower visual field. In experiment 2, where we tested whether an illusory jitter in each trial was faster or slower than the average, an illusory jitter stimulus was presented in both the upper and lower visual fields. For both illusory and physical jitter stimuli, a vertical bar (0.5 3 2.9 deg (W 3 H) the center of a red square (2.9 3 2.9 deg (W 3 H)) moved across a black background at the speed of 5.1 deg/s ( Figure 1A ). The center of the red square was located 3.6 deg above or below the fixation point. The bar for the illusory jitter was a green bar that was isoluminant with the surrounding red square, whereas the bar for the physical jitter was a black bar that physically moved sinusoidally in horizontal directions to mimic an illusory jitter. Prior to the experiments, the green luminance for the illusory jitter was adjusted for each participant (CIE 1931: x = 0.36, y = 0.61, luminance = 19.2-25.9 cd/m 2 ) to be perceptually isoluminant with red (CIE 1931: x = 0.66, y = 0.34, luminance = 21.8 cd/m 2 ) using a flicker method [43] . All visual stimuli were generated using Psychtoolbox 3
[44] that runs on MATLAB.
Procedure Experiment 1: Effects of inter-participant variation in resting state PAF on jitter frequency In experiment 1, the perceived jitter frequency of each individual participant was compared with resting state PAF. To estimate PAF, MEG data were measured during the resting condition in a session separate from the jitter frequency measurement. Participants opened and closed their eyes for 30 s in response to a sound cue in a dark room; this was repeated 6 times. Therefore, we obtained MEG data for 3 min in the eyes-open and -closed resting conditions. In the psychophysical experiment to measure perceived jitter frequency ( Figures 1A and 1B) , a trial composed of a 2-s stimulus period and a 2-s response period. Participants judged whether a physical jitter stimulus, presented in the lower visual field, was faster than an illusory jitter stimulus, presented in the upper visual field, by pressing one of two buttons. The physical jitter frequency was selected randomly from seven levels (5.5, 6.7, 7.5, 8.6, 10.0, 12.0, and 15 Hz). Twenty trials were repeated for each frequency of the physical jitter. Experiment 2: Effect of intra-participant variation of PAF on jitter frequency In experiment 2, we studied how spontaneous fluctuations in PAF within participants affected jitter frequency. MEG was continuously recorded during the experiment and each trial consisted of 8 s (Figure 2A ). After the blank period of 2 s (pre-stimulus period), an illusory jitter stimulus was presented in both the lower and upper visual fields for 2 s (stimulus period). After the blank period of 2 s (poststimulus period), which followed the stimulus period, a white fixation point turned to red for 2 s (response period). At this time, the participants judged whether the illusory jitter frequency in the current trial was faster or slower than the memorized mean frequency by pressing one of two buttons. Prior to this experiment, participants went through a practice with the same stimulus and task. Participants completed one or two practice sessions (50 or 100 trials) until the average response rate within a session became 40%-60%. After completing the practice, participants engaged in 300 trials for the main experiment. Experiment 3: Effect of the manipulation of PAF by AM-tACS on jitter frequency In experiment 3, we tried to manipulate the individual PAF with current stimulation. During the current stimulation, we measured both PAF and the perceived jitter frequency. Current stimulation was applied using a commercial stimulator (NeuroConn, DC-stimulator MR). Two electrodes (5 3 7 cm 2 ) were placed with saline solution at the parietal and occipital areas, which roughly correspond to the position of Pz and Oz in 10-20 electroencephalography (EEG) system, respectively ( Figure 3A) . The battery-driven stimulator device was located outside the magnetically shielded room and delivered electrical currents via a twisted pair of wires with a peak-to-peak intensity of 2 mA. The current output of the stimulator was proportional to the electric potential generated by a multifunction DAQ (USB-6211, National Instruments), which was controlled via a Data acquisition toolbox running on MATLAB. To measure the MEG during current stimulation, we utilized amplitude modulation (AM) of electric current [20] , which reduces the artifact at the frequency of current stimulation. In this AM stimulation, the carrier frequency was 200 Hz and its amplitude was modulated at PAF ± 1 Hz ( Figure 3B ). For each participant, PAF in the eyes-open resting state was measured for 1 min in a session before the main experiment; this was used to determine the frequency of current stimulation.
In a block of 64 s, the current stimulation conditions were kept constant at either PAF + 1 Hz, no stimulation, or PAF À 1 Hz. The current amplitude for PAF + 1 Hz and PAF À 1 Hz conditions was ramped up and ramped down at the first and last 4 s of the block, respectively, and was kept constant during the middle 56-s period when the psychophysical experiment was performed. In the no-stimulation condition, there was no current stimulation during the whole period of the block. Within each set of three blocks, the order of stimulation was either PAF + 1 Hz, no stimulation, and PAF À 1 Hz or PAF À 1 Hz, no stimulation, and PAF + 1 Hz. The set of three blocks of each order was repeated 5 times in random order. In each block, there were 14 trials (4 s each) for the measurement of perceived jitter frequency, in which participants judged whether a physical jitter stimulus in the lower visual field was faster than an illusory jitter stimulus in the upper visual field. Seven physical jitter frequencies were repeated twice in random order within each block. In total, there were 20 trials of each physical jitter frequency in each of three current stimulation conditions. MEG responses were recorded continuously in this experiment.
Retinal stimulation control
To study a possible effect of the retinal stimulation [35-37] on illusory jitter perception, we asked participants whether they perceived phosphene after the experiment. Moreover, to test whether participants can discriminate current stimulation conditions, possibly by phosphene or a cutaneous sensation, we performed an additional experiment on 3 participants who participated in experiment 3 (all males; 22-38 years). After participants conducted the same task as experiment 3 in a block of 64 s in which current stimulation conditions were either AM-tACS at PAF ± 1 Hz or no stimulation, participants were asked to report which current stimulation was given by pressing one of three buttons. In total, there were 21 blocks in each of three current stimulation conditions.
To further study the possibility that subthreshold retinal stimulation by current stimulation affected the perception of illusory jitter, we repeated experiment 3 with the central electrode (C3-C4) for 8 participants (all males; 20-53 years). This setting was anticipated to have similar retinal effects (if any), without changing the PAF. Eye movement control We also repeated experiment 3 for 6 participants (4 participants in the main experiment who showed relatively large PAF changes and 2 new participants) while simultaneously measuring eye movements using EyeLink 1000 Plus (SR Research). Only left-eye data were measured. We then calculated the standard deviation of eye position and velocity, blink rate, and microsaccade rate. The standard deviation of the eye position and velocity corresponds to fixation precision and drift amplitude [45], respectively. Microsaccade detection was performed using an unsupervised clustering method [46] . Source localization experiment To investigate which brain areas are involved in illusory jitter perception, we performed an additional experiment. The stimulus was the same as in experiment 2 (Figure 2A ) except that the luminance of the green bar was isoluminant with (main condition where participants perceive illusory jitter, 200 trials), darker than, or brighter than (control conditions where participants do not perceive illusory jitter, 100 trials each) the surrounding red square.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analyses of MEG data were performed using FieldTrip toolbox [47] running on MATLAB. ANOVA was performed using IBM SPSS. Multinomial logistic regression was performed using SAS. Data throughout the manuscript are presented by mean ± SEM. Details of n for each experiment is the number of participants. A p-value of 0.05 was used to define significance.
Experiment 1
We first applied FFT analysis on the data within 10-s time windows (10,000 time-points) shifted by 1 s and averaged 126 spectra (21 spectra per each 30-s period). We then selected 5 combined channels (10 planar gradiometers, refer above) with the largest alpha power for each participant. From these, we defined the peak alpha frequency (PAF) and the peak alpha power for each participant from the frequency showing the maximum power in the alpha band (8-13 Hz). As a control, we also estimated the peak beta frequency. Linear regression was applied to fit a linear model to the log-transformed spectrum in the beta range (13-30 Hz) [48] , and the fitted linear trend (1/f component) was subtracted from the spectrum because this component obscures the smaller peaks in the beta range. We then defined the peak beta frequency and power from the frequency showing the maximum power in the beta band (15-25 Hz) for each participant. For the estimation of the peak beta power, the original spectrum before subtracting the linear trend was used. We estimated the beta frequency/power only in the eyes-closed resting condition because the beta peak did not appear in the eyes-open resting condition for several participants.
As for the psychophysical data, we plotted the response rate as a function of physical jitter frequency and fitted a cumulative Gaussian function for each participant. The individual perceived jitter frequency was defined as the frequency corresponding to a 50% response rate.
Finally, we calculated the correlation between the perceived jitter frequency and the peak alpha/beta amplitude/frequency (n = 12).
Experiment 2
Trials were separated into faster and slower jitter trials based on the behavioral response. To equate the number of trials, and thus the signal-to-noise ratio of MEG data, between faster and slower jitter trials, 100 trials were randomly selected from each group of trials. We selected 5 combined channels (10 planar gradiometers) showing the largest alpha power from an averaged spectrum of data excluding the response period of 200 (100 faster and slower) trials. FFT analysis with a Hanning taper was performed on the data of four periods (À2 to À1 s, À1-0 s, 0-1 s, 1-2 s, 5,000 time-points each) that were zero-padded to 10 s (50,000 time-points). The spectrum was averaged across 100 faster and slower jitter trials separately, and PAF of each group of trials was defined as the frequency of maximum power in the alpha band. Paired t test (n = 10) was performed to compare the frequency of four periods between the faster and slower jitter trials. Bonferroni correction was used to correct p-values.
To test how the power and phase of alpha oscillations affect perceived jitter frequency, we calculated the power and phase at each time-frequency point by wavelet analysis (from À1.5 s to 1.5 s from stimulus onset at 50 ms intervals, frequencies increasing logarithmically from 3 to 40 Hz while the number of cycles in each wavelet increases linearly from 3 to 12 cycles). Then we calculated the power difference and phase opposition sum [39] between the faster and slower jitter trials at each point in the time-frequency plane for each participant. For the statistical analysis, we utilized a method called ''Permutation + z-score Test'' [39] . Namely, the power difference and phase opposition sum were recomputed after randomly permuting the faster and slower jitter trials, which was repeated for 1,000 times. Subsequently, the difference between the original dataset and the mean of all permutations was expressed in units of standard deviation across all permutations. The time-frequency map of p-values was obtained by means of the normal cumulative distribution function. To combine the time-frequency maps of p-values across participants, we converted the p-value into an equivalent z-score using the inverse normal cumulative distribution function; the z-scores are combined across observers and finally turned back into probabilities [49] . To correct for multiple comparisons, we analyzed the resulting distributions of p-values with the false discovery rate (FDR) procedure [50] to compute a p-threshold that set the expected rate of falsely rejected null hypotheses to 5%.
Experiment 3
The data of each block were analyzed after excluding the ramp-up and ramp-down periods. We first applied a 40-Hz low-pass filter to the raw data followed by the application of the tSSS method [33] . Although an AM signal contains power only at around the carrier frequency in theory, tSSS was applied to remove AM-tACS artifacts at around the AM frequency, which exist due to the nonlinearity of the DAQ system used to generate the current stimulus. In the tSSS method, we reconstructed MEG data consisting of waveforms derived from brain activity inside the scalp; waveforms derived from the artifacts originating outside the scalp were removed. The preprocessed data were divided into 10 3 56 s data for each condition (AM-tACS at PAF ± 1 Hz, or no stimulation). FFT analysis with a Hanning taper was performed on the data of each block (5,000 time-points) that were zero-padded to 10 s (50,000 time-points). We applied FFT analysis at 1-s time windows (5,000 time-points) that were zero-padded to 10 s (50,000 time-points), shifted by 1 s, and averaged 560 spectra (56 spectra per each 56-s period). Finally, we selected 5 combined channels (10 planar gradiometers) showing the largest alpha power and defined PAF as the frequency of maximum power in the alpha band (8) (9) (10) (11) (12) (13) .
To verify the removal of the current artifact from the MEG data, we computed a correlation of the topographic map of the alpha power map (8) (9) (10) (11) (12) (13) Hz) between the no-stimulation and current stimulation conditions before and after the tSSS (n = 12, Figure S2) .
As for the psychophysical data, we plotted the response rate as a function of physical jitter frequency and fitted a cumulative Gaussian function for each stimulation condition of each participant ( Figure 3E ). The individual perceived jitter frequency for each condition was defined as the frequency corresponding to a 50% response rate.
Finally, correlation between the change in the perceived jitter frequency and the change in the PAF (either PAF + 1 Hz/PAF À 1 Hz versus no stimulation or PAF + 1 Hz versus PAF À 1 Hz, n = 12) was calculated.
Retinal stimulation control
As for the discrimination experiment, we tested whether participants can discriminate between current stimulations conditions. Therefore, a multinomial logistic regression analysis (n = 3) was used to test whether the response category (PAF + 1 Hz, PAF À 1 Hz, and no stimulation) can be predicted by current stimulation condition (PAF + 1 Hz, PAF À 1 Hz, and no stimulation) ( Figure 4A) .
As for the experiment using the central electrodes, two-way repeated-measures ANOVA (n = 12 and n = 8 for parieto-occipital and central electrodes, respectively) was used to test whether current stimulation condition (PAF + 1 Hz, PAF À 1 Hz, and no stimulation) and electrode position (parieto-occipital and central) affects the PAF and perceived jitter frequency ( Figure 4B ).
Eye movement control
One-way repeated-measures ANOVA (n = 6) was used to test whether current stimulation condition (PAF + 1 Hz, PAF À 1 Hz, no stimulation) affects the PAF, perceived jitter frequency, standard deviation of eye position and velocity, blink rate, and microsaccade rate ( Figure S3 ).
Source localization experiment
Source localization was performed using Dynamic Imaging of Coherent Sources (DICS) [51] . The DICS was applied on the Fourier spectra of a 2-s pre-stimulus period and a 2-s stimulus period at around the alpha frequency (8) (9) (10) (11) (12) (13) , and the power during the stimulus period relative to that during the pre-stimulus period was calculated.
One-way repeated-measures ANOVA (n = 10) was used to test whether the stimulus condition (dark, isoluminant, and bright) affects the relative alpha power in the left inferior parietal lobe (IPL), the coherence between the left IPL and left inferior temporal area (IT), and the coherence between the left IPL and left superior occipital area (SO). All regions of interest (ROI) were anatomically defined based on the automated anatomical labeling (AAL) atlas [52] .
